In histochemical work with digoxigeninor biotin-labeled nucleic acid probes, reproducibility of in situ hybridization depends on accurate measurement of the amount of nonradioactive label being used. We describe a rapid and sensitive assay for nonradioactive label incorporated into nucleic acids employing a luminogenic substrate for alkaline phosphatase, CSPD (disodium 3-(4-methoxyspirolll,2-dioxetane-3,2'-(5'-chloro)tricyd0[3.3.1.13~~]decan]-4-yl)phenyl phosphate). An alkaline phosphatase-antibody conjugate was
Introduction
Despite the wide range of applications for nonradioactive probes in histochemistry, there are no rapid methods for accurately determining the incorporation of nonradioactive labels, such as digoxigenin and biotin, into nucleic acid probes (1). Usually, the labeled nucleic acid and labeled standards are spotted on filters in 10-fold dilutions and a naked-eye comparison is made of the intensity of the colored spots formed after incubation with a formatangenerating substrate (2) . Such comparisons are inaccurate and can readily lead to order-of-magnitude errors in determining quantity of the nonradioactive label. Densitometry may be used, but the range of formazan accumulation that is proportional to quantity of label is very narrow and this method is not rapid (3) . It is also not uncommon to detect incorporation of nonradioactive label in filter spotting assays by using horseradish peroxidase conjugates (steptavidin-peroxidase or protein A-peroxidase) and chemiluminescence. Light emission is usually detected on X-ray film (4), but this method still requires densitometry for quantitation, thus mimicking colorimetric methods. To avoid the time and errors involved in densitometric measurement, it appears to be preferable to measure the light emission directly from the filter. Although a microplate reader was used to measure peroxidase-derived luminescence when biotin-labeled probe was hybridized to immobilized ' Supported by NIH Grant AG06108. DNA spots ( 5 ) , direct light measurement has not been reported as an assay for measuring amounts of nonradioactive label incorporated into a nucleic acid probe after synthesis.
Here we present a simple and rapid approach to this problem. The method uses a sensitive luminogenic substrate for alkaline phosphatase, CSPD (disodium 3-(4-methoxyspirol(l,2-dioxetane-3,2'-(5'-chloro)tricyclo[ 3.3.1.13~7]decan)-4-yl)phenyl phosphate) (6) and a luminometer for light measurement. This method permits accurate measurement of 0.5-500 fmol of digoxigenin in labeled nucleic acids.
Materials and Methods
Digoxigenin-labeled plasmid pBR328 DNA used as a standard was obtained from Boehringer Mannheim (Indianapolis, IN). This DNA comprises 25 % labeled DNA; 4% of nucleotides of the labeled DNA contain a digoxigenin moiety. According to the manufacturer, the percentage of labeled DNA was determined by measuring the incorporation of a trace amount of radioactive nucleotide and the density of digoxigenin moities in the DNA was determined by an ELISA assay. Digoxigenin-labeled probes were synthesized using the Genius 1 kit (Boehringer Mannheim) exactly as recommended by the manufacturer (2). After synthesis, labeled DNA or RNA was spotted onto gridded Hybond-N membranes (Amersham; Arlington Heights, IL) in 3+1 aliquots in water and dried by 5-min exposure to a 60-W tungsten lamp at 5 cm. In preliminary experiments, we found that unincorporated digoxigenin-dUTP gave no signal in the conventional colorimetric assay or the luminometric assay described here, indicating that it does not bind to this type of membrane under these circumstances. Membranes were incubated for 20 min in the blocking solution supplied in the Genius 1 kit, followed by reaction with anti-digoxigenin antibody-alka-line phosphatase conjugate (Boehringer Mannheim) at 1:5000 dilution tor 10 min. Washing was in 0.1 M Tris. pH 7.5. 0.1 M NaCI, rwice for 20 min each. with gentle shaking. For conventional color development. membranes were then placed in the solution recommended by the manufacturer (0.1 M Tris. pH 9.5.0.1 M NaCI. 167 pg/ml 5-bromo-4-chloro-3-indolyl phosphate. 330 pg/ml nitroblue tetrazolium). For the luminometric assay, squares centered on a labeled nucleic acid spot were excised and placed in luminometer tubescontaining 250 ~1 0 . 1 M Tris. pH 9.5. 0.1 M NaCI. Luminogenic alkaline phosphatase substrate CSPD (Tropix; Bedford, MA) was added to each tube as 40 pl of a 0.4 mM solution in 0.1 M Tris buffer. Tubes were incubated for various periods of time at 30°C. followed by a 10-sec measurement of the light emission level in a luminometer (Lumi-Tec; St John's Associates. Beltsville. MD).
A digoxigenin-labeled RNA probe used for in situ hybridization was prepared as follows. A fragment of bovine steroid 17a-hydroxylase cDNA in plasmid pCD-17a (7) was amplified by the polymerase chain reaction (PCR) using primerscomplemenrary to +29 to +406 of the sequence, the 5' end of the left-hand primer comprising a T7 polymerase consensus promoter site (8). Using the PCR product as template. digoxigenin-labeled RNA was synthesized and quantitated as described above. In situ hybridization was performed using the SureSite I1 kit (Novagen; Madison, WI) as recommended by the manufacturer. except that digoxigenin-labeled RNA at a concentration of 1.2 pglml was substituted for radiolabeled probe. Figure 1 shows the time course of t h e light production from CSPD as a function of amount of digoxigenin-labeled D N A . For digoxigenin amounts of 0.5-500 fmol, t h e increase in t h e rate of light production is approximately linear over 1.5 hr, after which it decreases. This experiment indicated that 15-30 min after the initiation of the reaction would be sufficient time to provide a sensitive assay for nonradioactive label a n d that 0.5 fmol is the lower level of sensitivity of t h e assay.
Results
Using 25 min of incubation, the rate of light production vs amount of label was approximately linear o n a logarithmic plot 100 - -.
._ E 10- For comparison, Figure 3 shows t h e results of detection of digoxigenin-labeled D N A using the conventional method. The precision that can be achieved using this method is low, as even 10fold dilutions result in small and inconsistent differences in the color intensity of the spots. Formazan accumulation is proportional to the amount of t h e labeled D N A only within a 16-fold range (3) . with rapid loss of proportionality outside these limits. A n example of t h e use of t h e luminometric method is illustrated in 
Discussion
The present assay should be of value in histochemical work with digoxigenin-and biotin-labeled or other nonradioactive probes where reproducibility of in situ hybridization depends on accurate measurement of the amount of label being used. The advantages of the present technique over densitometric methods are simplicity, precision, reproducibility, and a wide range of sensitivity. Access to a luminometer is not essential. because a scintillation counter switched out of coincidence correction mode can be used for luminescence assays (10). Our experience with the luminometric assay suggests that potential pitfalls can be readily avoided. The accuracy and reproducibility of the assay are improved by (a) keeping the tubes in the dark during the incubation with CSPD, possibly because the cleavage product from CSPD is sensitive to light, and (b) using a consistent orientation of the membrane surface with respect to the photomultiplier tube. Loss of signal can occur due to improper fixation of the nucleic acid to the filter. but both lamp drying, as used here, and fixation by ultraviolet light completely prevented loss of probe during washing. Labeled nucleic acids can be spotted onto membranes in either water or Tris-EDTA with equivalent results. A spotting volume of less than 2 pl is not recommended because of the likelihood of pipetting errors. and volumes greater than 5 p1 do not dry evenly on the membrane. Within these limits, different volumes gave equivalent results.
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